Abstract-This paper is concerned with the development of the Capsule Robot (Capsubot) which can move with no external parts. It is easy to be constructed in small scale and maybe can be used for medical uses such as the endoscope since the Capsubot moves bidirectionally. The Capsubot could move by exerting friction force through movement of inside mass. This paper shows theoretical analysis and experimental verification of the locomotion for the Capsubot. In the experiment, the motion of inner mass is generated by coils and a magnet. Displacement of the Capsubot is measured by laser sensor and also position of the inside mass is measured. Using the developed test system, the motion of the developed Capsubot is experimentally compared with the one of the theoretical model.
I. INTRODUCTION
Recently, there are several kinds of capsule-type endoscopes which are still under research. However, there are few researches for the locomotion of the capsule robot [1] [2].
For two-mass system, Chernousko has studied recently [3] . In his research, he suggested that outer mass can move in any direction with only simple periodical movement of inside mass because of differences of friction when it moves forwards and backwards. For example, boat has different shapes at bow and stern. Because of that, if something moves in a boat, boat will move to some direction since the friction force is different depending on direction. In this paper, it is suggested another approach for a friction with an asymmetric locomotive structure of two-mass system. By accelerating internal mass, outer mass can move to the opposite direction. Then, by letting the inner mass return to the initial position slowly, the outer mass would stay due to the dry friction between the outer mass and the floor surface. This principle of the locomotion has been used in other applications like parts feeding which is used horizontal vibration of surface [4] .
The Capsubot is a compound word which is combined with Capsule and Robot. The Capsubot was first proposed by H. Li and K. Furuta [5] . In their research, the Capsubot is driven by only one coil which generates internal force. This principle were also applied to the pendulum driven cart by H. Li and others [6] and to the friction board by Y. Suzuki et al [7] . But, it was not deal with dynamic friction and also was not tested in real-time. The Capsubot has been studied theoretically using mathematical model and simulation, and the theoretically determined input to drive the internal mass has been applied in the feed forward way to the real experimental Capsubot. Thus, in real time, the Capsubot could not be measured accurately and the experimental results would not be compared with the theoretical ones. The mathematical model could not be identified from the real Capsubot. This paper presents the development of the test system for the Capsubot, and could study theoretical backgrounds, simulation results and experimental results of the Capsubot. Because it was hard to make an appropriate force to drive inside cylinder in [5] , it is used 2 coils on both side of the Capsubot. Also, through LuGre model, it is studied how changes the displacement of the Capsubot comparing with optimal model's. Then, it is proved in experiment. In section II, a patterned four step motion generation of the Capsubot is proposed. In section III, controller design through optimization and Lugre model is proposed. Simulation results are shown in section IV and experimental results are shown In section V.
II. MOTION GENERATION
The Capsubot is shown schematically in Fig. 1 . It consists of two parts; capsule shell m 1 and cylinder mass m 2 . By moving m 2 backward or forward, outer shell also moves along with it oppositely. x 1 and x 2 are each the position of m 1 and m 2 respectively. µ is the friction coefficient between outer shell and surface contacting with it, and u is input which generates friction force. Actually the friction coefficient is varying when the Capsubot moves. Here, it is not distinguished between static friction and sliding friction coefficient. And it is assumed friction coefficient between internal mass and surface is very small.
It can be considered that the input u might be changed by the state of motion, and the model of the locomotion shall be non-linear. To make a move of the shell, motion patterns can be divided into 4 steps as belows: 
Regarding to the motion of the Capsubot, 4 steps can be split into two states as fast mode and slow mode which is shown in Fig. 2 . In fast mode,ẋ 1 > 0, integrating the motion equation (1) once, we get
By integrating twice, we have
By substituting boundary condition at t 2 to Eq. (3), travel distance x 1 of the Capsubot in fast mode can be
and the velocity of the internal mass at t 2 from (2) iṡ
From (4) and (5), we can verify that it requires short duration time t 2 to make the Capsubot travel longer.
III. CONTROLLER DESIGN

A. Optimization
Inner mass is only moving part in this system. If we set m 2ẍ2 as input u, motion equation could be rewritten as below.
The displacement of inside mass m 2 is constrained in the length of the capsule. So, we assume relative position of x 2 to the position of x 1 as x 2 . So, let x 2 = x 2 − x 1 . Then, (6) will be
with initial condition x 1 (0) = 0, x 2 (0) = a, andẋ 1 (0) = x 2 (0) = 0. If we suppose we know the time t 2 , then it is needed to find u which satisfies with the boundary conditioṅ x 1 (t 2 ) = 0 and x 2 (t 2 ) = −a. To find the input u, it is derived minimal energy control method. Then, minimized energy function η is
Integrating (7) for x 1 with conditionẋ 1 (t 2 ) = 0, we have
u can be decomposed to average force and variation u = u 0 + δ u where u 0 = µ(m 1 + m 2 )g and
Thus we only need to minimize variation
Integration the equation for x 2 in (7) twice, from the terminal condition x 2 (t 2 ) = −a we have
We get constraint equation for δ u
In order to find a δ u to minimize cost function η′ with the above constraints (9) and (13), we need the following lemma.For results on optimal control,one can refer to [8] . Lemma 3.1: Given constants T and M, and function α(t) ≡ constant, the solution to the following optimization problem
T 0 u dt = 0, and
is For the proof, it can be referred to [5] . Then the minimal energy solution for the fast mode becomes
In order to keep m 1 in static status, the magnitude of the input force should be lower than the maximal static friction force between m 1 and the capsule shell, i.e. τ ≤ µ(m 1 +m 2 )g. We don't think minimal control method between t 3 and t 4 because input will be smaller than when it is in fast mode. According Pontryagin's maximal principle, the force applied is a bang-bang control, i.e. positive maximal static friction force followed by negative maximal friction force as show in Fig. 4 with horizontal axis to be time t, vertical axis to be velocityẋ 2 of cylinder m 2 and t i to be the terminal time of step i. Let β be the magnitude of the maximal acceleration which is applied to m 2 . Then β = µ(m 1 +m 2 )g m 2
. Substituting (5) to (17),we could get
For satisfying on step 4, we could rewrite x 2 (t 4 )−x 2 (t 2 ) = 2a as below.
Then, t 4 can be written as
The complete 4 steps motion is shown in fig. 3 . Time frames are from up to down. And the motion direction is from left to right.
B. LuGre model as a dynamic friction
Friction coefficient changes corresponding to the roughness of a surface, and it is hard to get real value in real time. However, there have been many efforts to analyze this until now. One of them is LuGre model. LuGre model is the model by considering effectiveness of dynamics of friction by projecting roughness between two surfaces to model of bristles and deflection. Strong point of this model is that it implies elasticity and non-linearity (which is shown as stribeck effect) among two surfaces and it gets over the problems of the classical friction model which are pre-sliding and low velocity. This model has the form
Here,σ 0 is the stiffness of the bristles, σ 1 is the damping and σ 2 is viscosity. The function g(v) models the Stribeck effect, and V s is stribeck velocity. F c and F s are each means Coulomb friction and static friction. By substituting Fig. 22 to Fig. 6 , we could get
For more detail, it can be referred to [9] .
IV. SIMULATION
Until now, it is accomplished to determine the input u by the optimization and analysis of the Capsubot's friction model through LuGre model. Additionally, it is studied the collision test through simulation by assuming that inside mass collides to the end of the Capsubot when it comes back. Table I shows parameters which are used in the simulation. These parameters are same as experimental one. 5 shows results of the simulation. It is confirmed that only the capsule moves forward when the cylinder is accelerated backward in fast mode. However, the capsule stops when the input u is smaller than friction force while the internal mass comes back to original position in slow mode. By doing this repeatedly, the Capsubot can go forward and go backward by changing the steps oppositely. From simulation, it is proved that it is properly do operation when t 2 is 0.024 (s). t 2 and the friction coefficient change by corresponding to a weight of whole Capsubot and also friction coefficient. If we could know friction coefficient by the time, the Capsubot can be controlled with the position information. 
B. LuGre model
The behavior of the Capsubot is simulated with LuGre model in Fig. 6 . The parameters is shown in Table II . From the graph of positions in Fig. 6 , the Capsubot doesn't go further than optimal's. Because Lugre model shows a behavior of varying dynamic friction when mass is moving, we can expect that it explains real situation. It will be proved in the experiment. In the graph of Velocity of Fig. 6 , it shows differences between two velocity profiles. In the graph of phase plane, we could see howx 2 changes. If we could get real value of friction coefficient according to the varying state, then it could get or be shown real behavior.
C. Locomotion control with collision
To make the Capsubot travel longer, it is adopted collision test. It is true that the Capsubot will not move back if the input u is less than friction force. So, if input u is continuously applied even after inner mass hit the wall of the outer shell, the Capsubot will go further. To set a time duration after t 4 , terminate time of the cycle is extended to t 5 . Comparing with optimal mode, it is confirmed that Capsule moves 2.4 (cm) more in collision model at the time 0.5 (s). Simulation results are shown in Fig. 7 . However, in this paper, it is not verified through the experiment.
V. EXPERIMENTS
The experiment has been done to compare the theoretical analysis with different friction models and with the practical results for the Capsubot system with drivers, sensors and a computer for the control as shown in Fig.9 . The Capsubot is consisting of outer shell (φ 7×L40mm,3g) and the internal mass (magnet) (φ 6.3 × L20mm,4g). Two coils are wound on both ends of the shell (100 times wound). The Capsubot is on the Aluminum plate with size of 600x100 (mm) and two parallel rails are placed on the both sides of the Capsubot to make it go straight. The Capsubot moves by the input signal from the drivers. The driver board has 2 motor driver chips (HIP4020). Input ports of the driver board are connected to the computer. The main program to control the Capsubot is programmed by VC++. The program has two functions. One is to generate the input for the Capsubot by using PWM method. The PWM signal is generated with the sampling time of 10(ms) and input and saw tooth wave are shown in Fig. 12(a) . Input u generates 4 step motion given in section II.
Especially the input is given by Eq.(16) for the shell forward motion period of m 1 up to t 2 . By repeating 4 steps, the Capsubot can move forward or backward by reversing the input form. The other part of the program is to get the data of the motion every 2(ms) from the sensor ((LK-G400, Keyence Figure  12 (c) shows the position of the inner mass x 2 . All of the data of x 1 and x 2 are compared with simulation and experimental results. The model parameters are same as once used in the table I of simulation. The constant friction coefficient in the experiment is identified experimentally. µ is identified as 0.3 from the experiment. We can find an overshoot for the experimental data on every step in Fig. 12(b) . It can be explained as follows. First, there is relatively big space between two coils and it doesn't reach the magnetic force of coils to the middle of the Capsubot. It means magnetic field for the input u is not distributed equally on over the Capsubot. So, it is assumed that it is not perfectly considered about the dynamics of the actuator. Second, input u is slightly bigger than friction force when m 2 returns. Figure 12(c) shows the position of x 2 .
VI. CONCLUSIONS AND FUTURE WORKS
A. Conclusions
In this paper, it is proposed how to control the Capsubot in real-time and studied its friction with LuGre model experimentally. Additionally locomotion with collision model is proposed. From the experiment, it is confirmed that the friction in various circumstances can be modeled with LuGre model. Furthermore, by using the estimated friction coefficient from friction model, it could be performed a position control. Although collision test was not performed in experiment, it was proved it would give some improvements on the distance.
B. Future Works
Locomotion with collision mode will be tested experimentally. For the improvement of the actuator, it might need to consider different hardware configuration in the future.
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